against TDF is a lysinerarginine switch at position 65 in the reverse-transcriptase (RT) gene (i.e., K65R), which requires only 1 nucleotide base change [7, 8] . But contrary to other single-point mutations inducing HIV drug resistance, such as the RT mutation M184V, the prevalence of K65R in TDFexposed individuals is limited, rarely 12%, despite the widespread use of TDF and other drugs, such as ABC and ddI [9, 10] , that also select for K65R. Some increases in the prevalence of K65R may, however, have occurred in recent years [11, 12] .
Thymidine analogue mutations (TAMs) selected by zidovudine or stavudine counteract the selection of the K65R mutation, as shown both in vitro [13] and in patients [10, 12, 14, 15] . Parikh et al. [16] elucidated the biochemical mechanisms and further demonstrated that TAMs and K65R do not appear on the same viral genome because of competing mutational pathways [17] . In contrast, inclusion of TDF in first-line therapy [2, 18, 19] or combination therapy with TDF and ddI [14, 20] promotes the emergence of K65R. Our aim was to confirm and extend current knowledge about baseline predictors for the K65R mutation and to identify mutational correlates.
METHODS
Data and patient selection. Our analysis included clinical and genotypic data collected until July 2007. The Swiss HIV Cohort Study (SHCS) is a nationwide, clinic-based cohort study with continuous enrollment and semiannual study visits [21] . The SHCS has been approved by ethical committees of all participating institutions, and written informed consent was obtained from participants. The SHCS resistance database contains all genotypic HIV resistance tests performed by the 4 authorized laboratories in Switzerland, stored in SmartGene's (Zug, Switzerland) Integrated Database Network System (IDNS, version 3.4.0) [22] .
The database was screened for resistance tests performed from January 2002 through July 2007 for patients receiving treatment with TDF or у30 days after end of treatment. Because tests were obtained under various circumstances (e.g., at therapy initiation or in salvage settings), we further restricted selection to reduce confounding. First, we excluded samples from patients who had previously experienced a virological failure during treatment with TDF, ABC, or ddI without resistance testing, because the K65R mutation may have already emerged in those patients. Moreover, we included only resistance tests that had been performed after ample exposure to TDF, to allow for selection of the K65R mutation, which can occur as early as after 12 weeks of treatment [3, 6, 23] . Thus, we considered only tests that were performed after у90 days of continuous therapy with TDF or, in cases in which patients already had exposure to TDF, tests done after 30 days of continuous treatment with the current regimen and у90 days of prior cumulative treatment with TDF. Only the first test per patient fulfilling all inclusion criteria was considered.
Throughout this project, virological failure was defined as an on-treatment HIV RNA level 1500 copies/mL after у180 days of continuous treatment. Moreover, the study baseline was set at the start of the TDF-containing regimen for which a genotypic test was available, which did not necessarily correspond with the initiation of TDF.
Furthermore, we retrieved all available resistance tests conducted before the study baseline for included patients. The resistance database was complemented by retrospective sequencing of the virus from frozen plasma samples in the SHCS repository (full protease gene and codons 29-225 of the RT gene) [24] . For this, plasma specimens with a viral load 1250 copies/mL were selected according to a predefined algorithm. Initially, we searched for specimens obtained while the participant was receiving treatment with TDF, ddI, or ABC. If none were available, we further considered plasma samples taken near the time of the latest virological failure events before the study baseline. For the remaining patients, we obtained pretreatment specimens.
Analysis. Patients were grouped according to the presence or absence of the K65R mutation. With use of the MannWhitney U test for continuous variables and Fisher's exact test for categorical variables, as well as univariable and multivariable logistic regression models, the following factors at the start of the TDF treatment were compared between the 2 groups: sociodemographic characteristics; presence of TAMs, M184V, protease inhibitor (PI) mutations, or nonnucleoside reversetranscriptase inhibitor in (NNRTI) mutations; HIV-1 subtype; previous exposure to ddI, ABC, or TDF; number of previous regimens; number of previous virological failures; and current treatment with ddI, ABC, NNRTI, PI, or thymidine analogues. In a secondary analysis, we further included viral factors potentially linked to the presence or absence of TAMs (RT mutations 214L and 83K) [25] [26] [27] .
Associations of K65R with other RT mutations from ontreatment tests were assessed using Fisher's exact test, with adjustments for multiple testing (0.05 false-discovery rate, by the Benjamini-Hochberg method) [28] . Mutations selected for analysis were based on the 2006 International AIDS Society-USA drug mutation list [29] . TAMs were stratified into TAMs group 1 (M41L, L210W, and T215Y) and TAMs group 2 (D67N, K70R, T215F, K219E, and K219Q).
We compared treatment response to the first therapy (after treatment with TDF) between the K65R and the wild-type groups by calculating the group-wise proportion of individuals attaining an HIV RNA level !50 copies/mL at week 12 or week 24. If such salvage treatment lasted !12 weeks, the patient was included in the week 12 analysis but was excluded from the week 24 analysis. Statistical analyses were performed with Stata 10 SE software (StataCorp). All tests of significance were 2 sided, and P values !.05 were considered to be statistically significant. Moreover, patients of the K65R group were more frequently receiving first-line therapy (28.6%) than were patients in the wild-type group (11.1%), and a higher proportion was receiving combination therapy containing ddI (59.5% vs. 37.8% in wildtype group). Of note, no instance of K65R was observed in 25 patients who received zidovudine or stavudine with TDF. Therapies are detailed in table 2. We identified strong associations of K65R with the additional drug class included in combination NOTE. Percentages were calculated on the basis of the number of patients on a specific regimen, stratified by the 2 treatment groups (patients receiving first-line therapy and patients receiving later treatments). NNRTI, nonnucleoside reverse-transcriptase inhibitor; NRTI, nucleoside reverse-transcriptase inhibitor; PI, protease inhibitor.
RESULTS

Prevalence
therapy other than NRTIs. No instance of K65R emergence was observed for treatments including PI. Conversely, 91% of patients in the K65R group were receiving a combination therapy with NNRTIs. Accordingly, use of NNRTI arose as the most predictive factor associated with the emergence of K65R in a multivariable logistic regression analysis (OR, 23.6; 95% CI, 7.3-76.3) (table 3). Other associations observed in this model were treatment with first-line therapy (OR, 3.6; 95% CI, 1.1 to 12.2) or treatment with combination therapy containing ddI (OR, 3.6; 95% CI, 1.3-9.9). No association of K65R with HIV subtype C was observed [30, 31] .
Other RT mutations associated with K65R. We performed 2 analyses for the identification of mutational associations of RT mutations with K65R. First, we considered only the 222 genotypic tests performed while patients were receiving treatment with TDF (cross-sectional approach); later, we also considered all preceding resistance tests, if available, assuming that all mutations ever detected before the start of the TDF-containing regimen would still be present at time of resistance testing during treatment with TDF (cumulative approach; data not shown). A comparison of these 2 approaches allowed us to draw conclusions about the viral evolution of HIV-1 within patients.
On the basis of unadjusted P values !.05 from the crosssectional analysis, we identified 4 NNRTI mutations (L100I, K103N, G190S, and Y181C) that were more frequently observed in the K65R group and 3 TAMs (M41L, D67N, and T215Y) that were much rarer or absent in the K65R group (table 4). were not present at study baseline and must have been coselected with K65R (data not shown).
In a secondary analysis, we investigated associations of grouped TAMs with K65R (TAMs group 1 or TAMs group 2), again using the cross-sectional and the cumulative methods. In the cross-sectional analysis, TAMs group 1 were found in 2 patients from the K65R group and in 41 patients from the wildtype group. In contrast, the cumulative approach showed that 5 patients in the K65R and 44 patients in the wild-type group harbored viruses with TAMs group 1. TAMs group 2 were detected in 1 and 45 patients from the K65R and the wild-type group, respectively, with the cross-sectional method and 2 and 53 patients, respectively, with the cumulative approach. Thus, viruses of 4 patients with K65R had lost TAMs between the baseline sample and the detection of the K65R mutation (3 with TAMs group 1 and 1 with TAMs group 2). Three of these patients had extended treatment breaks, with a range of 1.5-4.8 years, before beginning the TDF-containing regimen. The fourth patient had a 1-year respite from therapy but resumed treatment with stavudine, ddI, and nevirapine and achieved viral suppression before switching to therapy with TDF. Taken together, virus populations these 4 patients demonstrated shifts toward wild-type status once selection pressure by antiretroviral drugs was removed.
Clinical outcomes of TDF-containing regimens. We further studied treatment outcomes of the TDF-containing regimens and of continuation of drug histories (figure 1). As of the database closure for this analysis, 168 patients had stopped the TDF-containing regimen. For 112 patients-that is, 33 patients (78.6%) from the K65R group and 79 patients (43.9%) from the wild-type group-immunologic or virologic failure was cited as the reason for stopping. Antiretroviral therapyrelated toxicities were reported as being the cause for stopping the TDF-containing regimen in 16 patients (8.9%) of the wildtype group, and 1 patient of the K65R group died while being treated with TDF. All other stop reasons (for 6 patients in the K65R group and for 33 patients in the wild-type group) were either unknown or not clearly specified.
In total, 154 patients switched to a new therapy (from the K65R group, 36 patients; from the wild-type group, 118 patients). In the K65R group, 31 patients switched to a PI, of whom 26 patients received a ritonavir boosted regimen and 23 had a regimen with a combination of zidovudine or stavudine. Moreover, 4 patients switched to a single-class NRTI therapy with ABC, and 1 patient continued with NNRTI treatment but replaced TDF with a different NRTI. At week twelve, 38.9% of the K65R group and 41.5% of the wild-type group showed a virological response to those new treatments ( , by P p .848 Fisher's exact test) (figure 1). At week 24, virological response was 44.1% for patients with K65R and 51.9% in the wild-type group ( , by Fisher's exact test). An intent-to-treat ap-P p .556 proach yielded similar results (data not shown). We repeated these analyses with logistic regression models adjusted for baseline HIV RNA level, the inclusion of enfuvirtide, and the number of active drugs in the new regimen with a genotypic sensitivity score !15, as calculated by the Stanford algorithm on the basis of cumulative drug resistance information [32] . We found no evidence that patients harboring viruses with the K65R mutation had a worse treatment outcome at week 12 (OR, 1.2; 95% CI, 0.50-2.70) and week 24 (OR, 0.92, 95% CI, 0.40-2.12), when compared with the wild-type group.
DISCUSSION
Of 222 patients receiving a TDF-containing antiretroviral treatment, combinations of TDF with NNRTIs and/or ddI were highly associated with the emergence of the K65R mutation. In contrast, not a single patient receiving TDF combined with PI or thymidine analogues harbored viruses with the K65R NOTE. Percentages were calculated on the basis of the number of patients in each group who were ever exposed to the respective drug class (e.g., NNRTI, thymidine analogues, or NRTIs without thymidine analogues). NNRTI, nonnucleoside reverse-transcriptase inhibitor; NRTI, nucleoside reverse-transcriptase inhibitor; RT, reverse transcriptase; TAMs, thymidine analogue mutations.
a By Fisher's exact test. b Benjamini-Hochberg critical value, with the assumption of a false-discovery rate of 0.05. c For 6 patients treated with efavirenz, a distinct mutational pattern consisting of G190S and Y181C was observed, which always appeared in combination with K65R. Those patients are all infected with subtype B viruses. d In the 2 patients from the K65R group, K65R and K70E were present as mixtures.
mutation. The presence of 1 or several mutations of the TAMs group 2 (D67N, K70R, 215F, 219Q, and 219E) at the start of the TDF-containing regimen appeared to have a protective effect against the emergence of K65R. Among 4 patients who had lost TAMs because of extended therapy interruptions, we noted that K65R could still be selected, despite the likely presence of TAMs in minor viral populations. However, in none of these patients did the TAMs reemerge, which further supports the hypothesis that TAMs and the K65R mutation cannot exist on the same genome [17] . We further observed a previously undescribed pattern of NNRTI mutations (G190S and Y181C) and K65R in EFVtreated patients. Those NNRTI-specific mutations were not present at the start of combination therapy with TDF and EFV and must have been coselected with K65R.
Moreover, we investigated therapy success of the subsequent treatment among patients who had stopped the TDF-containing regimen and who switched to a new regimen. We did not observe statistically significant differences between the K65R group and the wild-type group in the proportion of patients with HIV RNA levels !50 copies/mL after 12 weeks and 24 weeks of continuous treatment. At week 24, approximately onehalf of the patients reached plasma viremia levels !50 copies/ mL, a result that is in line with or even better than salvage trials before tipranavir, darunavir, and raltegravir became widely available [33] [34] [35] [36] [37] . Taking due account of small sample size and short follow-up period, these results suggest that patients who harbor viruses with the K65R mutation are as likely to attain viral loads !50 copies/mL as are patients with K65WT.
This study provides support for a protective effect of TAMsand in particular TAMs goup 2-against the emergence of K65R. Thus, it is not surprising that patients who initiate their first antiretroviral therapy with combination therapy that includes TDF are at a higher risk of acquiring K65R if their antiretroviral therapy fails, given the fact that the prevalence of transmitted resistance and TAMs remains ∼10% in Switzerland [38] . In contrast, patients with extended treatment histories and previous virological failure are more likely to harbor viruses carrying TAMs [V.v.W. and H.F.G., unpublished data]. Why were there no TAMs at study baseline in the pretreated patients from the K65R group? Extended treatment interruptions might be one answer, as case reviews from 4 patients indicated. Furthermore, we investigated viral factors (RT mutations 214L and 83K), which have recently been linked with the absence of TAMs in pretreated patients [25, 26] , but the analysis results were not conclusive.
We noted that the additional drugs other than TDF that were included in combination therapy might play an important role in the emergence of K65R. Combinations of TDF and ddI appear to be problematic, because ddI and TDF share the same mutational pathway for selection of K65R.
Moreover, whereas K65R was absent in patients treated with PI, the use of EFV or nevirapine was highly associated with the emergence of K65R. This may be due to synergistic fitness effects with NNRTI-induced mutations on the reverse transcriptase, as our observation of the previously unreported K65R/G190S/Y181C mutational pattern in 6 EFV-treated patients suggests. Because G190S is associated with a high fitness cost relative to the wild type [39] , K65R and/or Y181C may compensate for this. Such fitness synergies have been described between the NRTI mutation L74V and the NNRTI mutations K103N and L100I [40] .
Alternatively, K65R may occur preferentially with treatment with EFV or nevirapine compared with PI regimens because only 1 mutation is required to confer full resistance against those NNRTIs, whereas PIs often retain residual activity against HIV-1 despite the presence of PI mutations. Thus, in combination therapy with TDF and NNRTI, insufficient intracellular concentrations of combination therapy with TDF can quickly lead to viral breakthrough and full NNRTI resistance, followed by the emergence of additional mutations [3, 23] . In line with this argument, patients with no previous virological failure who were treated with an NNRTI and TDF ( ) generally had n p 53 viruses with more resistance mutations (median, 3 mutations; interquartile range, 1-4 mutations]) than did patients who received therapy with a combination of TDF and a ritonavirboosted PI ( ) (median, 0 mutations; interquartile range, n p 44 0-1 mutation; data not shown).
Because these data stem from a representative cohort study reflecting current clinical practice, we consider the conclusions to be clinically relevant. The study has limitations, however. We have compared patients with highly diverse treatment histories and who were selected with no randomization; therefore, we cannot exclude the possibility that there were unmeasured confounding factors. Patients receiving tenofovir had to have a genotypic drug resistance test available, implying a selection bias. However, during this study, genotypic resistance testing in patients with failing antiretroviral treatment was already clinically routine [33] . The time point of genotypic testing might also have confounded our results, in particular for the baseline resistance testing. Predefined stringent selection criteria likely have minimized the impact on confounding. We also noted no systematic effect of timing of resistance testing on our results (data not shown).
Our findings suggest that optimal future treatment regimens should avoid combining EFV or nevirapine with TDF and additional NRTI drugs that favor the selection of the K65R mutation, such as ddI or ABC. Furthermore, the highly protective effect of boosted PIs and the observed antagonistic effects of TAMs on the emergence of K65R suggest a potentially pivotal role of combining thymidine analogues, boosted PIs, and te-nofovir in salvage situations. This strategy should be explored in prospective studies.
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